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Abstract:We study models with heavy exotics that account for the LHC 750 GeV dipho-
ton excess in light of current vector-like quark bounds. Utilizing only exotics that may
appear in three-stack and four-stack D-brane models, we show that a narrow width dipho-
ton excess can be accounted for while evading existing bounds if multiple exotics are added,
with vector-like leptons of mass ML . 375 GeV and vector-like quarks with masses up to
' 3 TeV. However, a large width (Γ/M ∼ 0.06), as suggested by the ATLAS data, cannot
be easily accommodated in this framework. Renormalization group equations with GUT-
scale boundary conditions show that these supersymmetric models are perturbative and
stable. Type IIA compactifications on toroidal orbifolds allow for O(10) Yukawa couplings
in the ultraviolet.
ar
X
iv
:1
60
2.
06
25
7v
1 
 [h
ep
-p
h]
  1
9 F
eb
 20
16
1 Introduction
The 750 GeV diphoton excess observed by ATLAS and CMS [1–3] in their 13 TeV data has
been studied in many theoretical papers using variants on a few different types of models.
In one of the most studied types, the 750 GeV particle is a scalar or pseudoscalar s that
is produced and decays via loops of vector-like exotic fermions [4–47]. Such models have
utilized a variety of exotics, masses, and low-scale Yukawa couplings, and some have also
addressed issues of ultraviolet perturbativity and stability [13, 22, 25, 29, 33, 34, 47, 48].
In our previous work [20], we studied models of the diphoton excess in which the addi-
tion of heavy exotics is motivated by string consistency conditions. In type II string models
these conditions are Gauss laws for D-brane charges in the compact extra dimensions, the
D-brane tadpole cancellation conditions. They place constraints on the chiral spectrum
that go beyond standard gauge anomaly cancellation in quantum field theory. These addi-
tional constraints are necessary and sufficient for the cancellation of non-abelian anomalies
after D-brane pair production [49]. Most MSSM realizations in this type II context do not
satisfy the additional conditions and exotics must be added to the theory, as studied in [50]
and subsequent works [51, 52]. Vector-like exotics are also well-motivated in local F-theory
models [36].
In this addendum we extend our analysis, simultaneously taking into account current
bounds on vector-like quarks, perturbativity and stability of the models up to a high scale,
and the decay rates necessary to account for the diphoton excess.
2 Renormalization Group Equations and Infrared Fixed Points
We consider models where the 750 GeV particle is a scalar degree of freedom in a chiral
supermultiplet S that couples to Ni exotic vector-like chiral multiplets Xi, Xi in the super-
potential via a Yukawa coupling γi SXiXi. The exotics Xi and Xi transform as (ni3, ni2)yi
and (ni∗3 , ni∗2 )−yi , respectively, with qi = t3,i + yi.
In supersymmetric models the gauge couplings are governed by the renormalization
group equations
16pi2βg3 =
[
−3 + 2
∑
i
NiT
3(i)ni2
]
g33
16pi2βg2 =
[
+1 + 2
∑
i
NiT
2(i)ni3
]
g32
16pi2βg1 =
[
+
33
5
+ 2
∑
i
NiT
1(i)ni2n
i
3
]
g31. (2.1)
where βgi ≡ dgi/dt with t = ln(µ/µ0). T a(i) is the Dynkin index for representation i in
group a. The Dynkin indices of low-dimensional representations are T 3(i) = (3, 1/2, 0)
for ni3 = (8, 3, 1), T 2(i) = (2, 1/2, 0) for ni2 = (3, 2, 1), and T 1(i) ≡ 35y2i . We have used
the GUT-normalized gauge coupling g1 for U(1)Y , which is related to th ordinary g′ by
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g1 =
√
5/3g′. The beta functions for the Yukawa coupling γi are [see, e.g., [53]]
16pi2βγi = 2γi|γi|2 + γi
∑
j
Njn
j
2n
j
3|γj |2
− 4γi 3∑
a=1
Ca2 (i)g
2
a. (2.2)
The specific set of models we will study have the MSSM spectrum with three right-
handed neutrinos augmented by NQ (3, 2)1/6 + (3, 2)−1/6 pairs, NU (3, 1)2/3 + (3, 1)−2/3
pairs, ND (3, 1)−1/3 +(3, 1)1/3 pairs, NL (1, 2)−1/2 +(1, 2)1/2 pairs, and NE (1, 1)1 +(1, 1)−1
pairs, all of which occur frequently in the type IIA compactifications [20, 50]. The subscripts
denote that one of the chiral multiplets in the pair has the same MSSM quantum numbers
as the associated MSSM superfield, e.g., Q,U,D,L,E. The Yukawa couplings in this model
will be labeled similarly, i.e., γQ, γU , γD, γL, γE . The beta functions for the gauge couplings
are
16pi2βg3 = g
3
3(−3 + 2NQ +NU +ND)
16pi2βg2 = g
3
2(1 + 3NQ +NL)
16pi2βg1 = g
3
1
(
33
5
+
6
5
(
NQ
6
+
4NU
3
+
ND
3
+
NL
2
+NE
))
. (2.3)
Those for the Yukawa couplings are
16pi2βγQ = γQ
[
2|γQ|2 + α− 4
(
4
3
g23 +
3
4
g22 +
3
5
(
1
6
)2
g21
)]
16pi2βγU = γU
[
2|γU |2 + α− 4
(
4
3
g23 +
3
5
(
2
3
)2
g21
)]
16pi2βγD = γD
[
2|γD|2 + α− 4
(
4
3
g23 +
3
5
(
1
3
)2
g21
)]
16pi2βγL = γL
[
2|γL|2 + α− 4
(
3
4
g22 +
3
5
(
1
2
)2
g21
)]
16pi2βγE = γE
[
2|γE |2 + α− 4
(
3
5
g21
)]
, (2.4)
where
α = 6NQ|γQ|2 + 3NU |γU |2 + 3ND|γD|2 + 2NL|γL|2 +NE |γE |2. (2.5)
We will study models with specific values for the tuple (NQ, NU , ND, NL, NE).
The perturbative nature of specific models is ensured in part by the existence of infrared
fixed points. For reasonable ultraviolet boundary conditions for the Yukawa couplings in
the range [0.1, 10], Yukawa couplings of vector-like quarks often approach their fixed points.
Let us first justify this range of UV Yukawa couplings in type IIA compactifications
– 3 –
with intersecting D6-branes, which are one of the contexts for our previous work [20]. We
shall focus on the allowed magnitudes of the Yukawa couplings at the string scale. These
were calculated exactly at the string (world-sheet) tree level for toroidal compactifications in
[54]. The full expression (both classical and quantum part of the string tree level amplitude)
for branes wrapping factorizable three-cycles of T 6 = T 2 × T 2 × T 2 is written as (see, eq.
(3) of [54]):
γ =
√
2gs2pi
3∏
j=1
[
16pi2B(νj , 1− νj)
B(νj , λj)B(νj , 1− νj − λj)
] 1
4 ∑
m
exp
(
−Aj(m)
2piα′
)
. (2.6)
Here the chiral superfields are localized at the intersections of pairs of D6-branes, which
intersect at respective angles piνj , piλj , and pi − piνj − piλj on the jth two-torus. Aj(m)
is the area of the triangle formed by the three intersecting D6-branes on the j-th two-
torus and gs = eΦ/2, with Φ corresponding to the Type IIA dilaton. The beta function
B(p, q) is defined in terms of Γ(p) functions as B(p, q) ≡ Γ(p) Γ(q)Γ(p+q) . The coupling is between
two fermion fields and a scalar field, i.e., the massless states appearing at the respective
intersections, whose kinetic energies are taken to be canonically normalized.
The magnitude of Yukawa couplings can be surprisingly sizable, reaching O(10), while
having the string coupling still perturbative. The choice of brane angles and disc instanton
areas that maximize the Yukawa coupling are νj = λj = 1 − νj − λj = 13 (j = 1, 2, 3)
and Aj(m = 1) = 0, respectively. Taking these values and a perturbative string coupling
gs = 0.2, the Yukawa coupling is γ = 17. Since γ ∝ gs the Yukawa coupling can be even
higher while remaining within a perturbative string framework. Taking universal angles for
all tori νj =: ν and λj =: λ, the dependence of γ on these angles is presented in Figure 1,
which demonstrates that for zero disc instanton area the Yukawa couplings γ are > 1 for a
wide variety of angles. In summary, perturbative Type IIA string theory therefore allows
for a range of γ including large values in the interval γ ∈ [O(1), O(50)].
We now turn to an approximate analytic analysis of the range of Yukawa couplings in
the IR regime, in particular for γQ. We will demonstrate that for a broad range of UV
boundary conditions γQ robustly approaches an approximate IR fixed point, governed by
the IR value of g3, the largest gauge coupling. (Note, for example, an early analysis of such
an IR behavior for the fourth family Yukawa couplings within the MSSM [55].)
First one observes from (2.4) that γL tends to decrease in the IR regime due to a
positive, dominant contribution from γQ and a smaller, negative contributions from g2. We
shall reconfirm post-factum that for γL = O(1) in the UV, γL < γQ in the IR.
To illustrate the IR fixed point behavior, let us study the beta function for γQ in (2.4)
in the case of only Q exotics, i.e., NQ 6= 0 and NU,D,L,E = 0. For simplicity we neglect g1,2
relative to g3 and replace the running g3 with its (approximately “constant”) IR value at
ΛIR ∼ 1 TeV. This approximation is justified since the gauge couplings run logarithmically
with the scale Λ, while the IR fixed point for Yukawa couplings is approached with a
– 4 –
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Figure 1. String scale Yukawa coupling for gs = 0.2 and brane angles λ, ν.
power-law for Λ. With these approximations we obtain:
16pi2βγQ = γQ
[
2(1 + 3NQ)γ
2
Q −
16
3
g23 IR
]
, (2.7)
which is easily solved to yield
γ2QIR =
a[
1−
(
1− a
γ2QUV
)(
ΛIR
ΛUV
) 2a
b
] , (2.8)
where a = 163
g23 IR
2(1+3NQ)
and b = 16pi
2
2(1+3NQ)
. We thus observe an IR robust fixed point governed
by a. Although (2.8) gives a reasonable approximation to γQ, we will use the exact solutions
to (2.4) in our subsequent analysis.
3 Perturbative and Stable Models of the Diphoton Excess
The existing experimental bounds on new vector-like fermions are very model dependent.
Assuming decays into standard model particles such as D → Wt,Zb, or Hb the current
95% C.L. lower limits are in the range 740-900 GeV [56] or 575-813 GeV [57] for CMS and
ATLAS, respectively. The corresponding limits for a heavy charge-2/3 quark are 720-920
GeV [58] and 715-950 GeV [57]. Those for charged and neutral leptons are much weaker,
typically around 100 GeV [59], although some mass ranges up to ∼180 GeV are excluded
[60]. We will simply assume Mf & 750 GeV (quarks) and & 200 GeV (leptons).
We consider models withNL vector-like lepton doublets andND down-type quark chiral
supermultiplets that couple in the superpotential to an MSSM singlet S that contains a
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Figure 2. ΓGG/M as a function of MD for ND = NL = 3, 2, 1 are the top, middle, and bottom
blue lines, respectively. Upper and lower bounds on the rate from [4] are also given.
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Figure 3. The partial width into photons for models with (ND, NL) = (3, 3) and (1, 2).
pseudoscalar s of massMs = 750 GeV. We choose tUV = 30 (tIR = 0) relative to a reference
scale µ0 = 750 GeV, corresponding to µUV = 8.0× 1015 GeV (µIR = 750 GeV). We assume
universal ultraviolet Yukawa couplings with γUV = 1 and universal masses ML and MD for
the vector-like leptons and quarks. The total decay width of s is Γtot = ΓGG + Γγγ , where
the expressions for partial widths are given in [4].
The partial width Γ(s → GG) must satisfy ΓGG/M ≥ 8× 10−7 to be in the preferred
blue band on the left side of Figure 1 in [4]. We study ΓGG/M ≥ 2 × 10−6, for which
the blue band flattens out and the analysis of the rate into two photons is simplified. For
– 6 –
ND = NL = 3, 2, 1 the rate ΓGG is computed in Figure 2 as a function of the exotic quark
mass MD. ΓGG/M ≥ 2 × 10−6 for M5 . 3270, 2380, 1430 GeV, respectively, well within
vector-like quark bounds. These exotic representations embed into 5 + 5∗ pairs, which
maintain MSSM-like gauge unification to lowest order, and ND = NL = 3 is motivated by
E6 models.
For ΓGG/M ≥ 2 × 10−6, the partial width into photons must satisfy [4] 6 × 10−7 .
Γγγ/M . 2× 10−6 at 2σ, assuming no other contributions to the width. The E6 motivated
model (ND, NL) = (3, 3) and the minimal model that can account for the data (ND, NL) =
(1, 2) are presented in Figure 3. In each plot MD goes up to the maximal value that allows
for ΓGG/M ≥ 2× 10−6. In both cases obtaining a large enough Γγγ/M requires ML . 375
GeV, while obtaining a large enough ΓGG/M requires MD . 3.3, 1.6 TeV, respectively.
Similar Γγγ/M plots for all ND, NL ∈ {1, 2, 3} are presented in Figures 4, 5, and 6.
Interestingly, Γγγ/M tends to increase with decreasing ND for fixed NL.
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